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Description 

PE-ALD OF TaN DIFFUSION BARRIER 
REGION ON LOW-K MATERIALS 

Background of Invention 
[0001] Technical Field 

[0002] The present invention relates generally to diffusion barri- 
ers, and more particularly, to methods for plasma en- 
hanced atomic layer deposition of a tantalum-nitride dif- 
fusion barrier region on low-k materials that generates a 
sharp barrier interface. 

[0003] Related Art 

[0004] Atomic layer deposition (ALD) has been recently studied 
for semiconductor interconnect technology, especially for 
liner applications. ALD is a layer- by- layer thin film depo- 
sition technique that implements alternating exposure of 
chemical species. Among the various metal liners for cop- 
per (Cu) interconnect technology, tantalum-based (Ta) 
materials are one of the most widely used because they 



provide: high thermal and mechanical stability and diffu- 
sion barrier properties, and good adhesion, all of which 
result in good reliability. Conventional integration 
schemes include the deposition of a tantalum/tantalum 
nitride (Ta/TaN) bilayer for use as a copper (Cu) diffusion 
barrier by physical vapor deposition (PVD). One shortcom- 
ing of this approach, however, is that the poor conformal- 
ity of the PVD technique, caused by the directional nature 
of the technique, has become a potential problem as de- 
vice technology migrates toward a sub 100 nm regime. 

[0005] Potential problems presented by ALD include contaminant 
incorporation and the potential reaction between precur- 
sor and substrate materials. One particular material type 
that exacerbates these problems is low thermal conduc- 
tivity (low-k) dielectrics, such as SiLK from Dow Chemical. 
For example, it is generally difficult to grow tantalum- 
based (Ta) materials on low-k materials by conventional 
thermal ALD. In particular, it is difficult to grow the mate- 
rials at a low enough temperature for interconnect tech- 
nology, requiring growth temperature below 400°C. 

[0006] | n order to address the above-identified problem, plasma 
enhanced ALD (PE-ALD) has been suggested as an alter- 
native approach. One possible problem of PE-ALD is the 



common use of atomic hydrogen (H) as a reducing agent 
to deposit liner materials. The use of atomic hydrogen is 
especially problematic for spin on low-k dielectrics. In 
particular, SiLK is widely known to be reactive with atomic 
hydrogen (H) such that etching occurs when exposed to 
atomic hydrogen (H). Similarly, the PE-ALD of tantalum-ni- 
tride (TaN) is known to create a reaction between metal 
precursors and a plasma including hydrogen. 
[0007] | n V j ew 0 f the foregoing, there is a need in the art for a 
technique to deposit liner material without using atomic 

hydrogen. 
Summary of Invention 

[0008] The invention includes methods of forming a tantalum-ni- 
tride (TaN) diffusion barrier region on low-k materials. 
The methods include forming a protective layer on the 
low-k material substrate by plasma-enhanced atomic 
layer deposition (PE-ALD) from a tantalum-based precur- 
sor and a nitrogen plasma. A substantially stoichiometric 
tantalum-nitride layer is then formed by PE-ALD from the 
tantalum-based precursor and a plasma including hydro- 
gen and nitrogen. 

[0009] one aspect of the invention is directed to a tantalum-ni- 
tride diffusion barrier region for use with a low-k mate- 



rial, the layer comprising a protective layer adjacent the 
low-k material and a substantially stoichiometric tanta- 
lum-nitride diffusion barrier layer adjacent the protective 
layer. The protective layer include a tantalum-nitride ma- 
terial having a nitrogen content greater than a tantalum 
content. 

[0010] The foregoing and other features of the invention will be 

apparent from the following more particular description of 

embodiments of the invention. 
Brief Description of Drawings 

[0011] The embodiments of this invention will be described in 

detail, with reference to the following figures, wherein like 
designations denote like elements, and wherein: 

[0012] FIG. 1 shows a schematic cross-section view of a tanta- 
lum-nitride diffusion barrier region according to the in- 
vention; 

[0013] FIG. 2 shows a flow diagram of a method for generating 
the TaN diffusion barrier region according to the inven- 
tion; 

[0014] FIG. 3 shows a XRD spectrum for a high nitrogen TaN pro- 
tective layer created by the method of FIG. 2; 

[0015] FIG. 4 shows light scatter and sheet resistance graphs for 
the high nitrogen TaN protective layer during thermal an- 



nealing; 

[0016] FIGS. 5A-5B show transmission electron microscope im- 
ages of diffusion barrier layer samples; and, 

[0017] FIGS. 6A-6B show micro energy dispersed x-ray (EDX) 

data graphs for the diffusion barrier region samples of 

FIGS. 5A-5B. 
Detailed Description 

[0018] Referring to the accompanying drawings, FIG. 1 illustrates 
a tantalum-nitride (TaN) diffusion barrier region 100 for 
use with a low-k material 102 according to the invention. 
Barrier region 100 includes: a protective layer 104 includ- 
ing a TaN material having a nitrogen content greater than 
a tantalum content adjacent low-k material 102; and a 
subsequent substantially stoichiometric TaN diffusion 
barrier layer 108 adjacent to protective layer 104. As will 
be described further below, there is substantially no reac- 
tion between low-k material 102 (e.g., SiLK) and protec- 
tive layer 104, resulting in a very smooth and sharp inter- 
face. In addition, protective layer 104 successfully pre- 
vents the interaction of atomic hydrogen (H) with the SiLK 
layer 102 during the later formation of substantially stoi- 
chiometric TaN layer 108, and allows layer 108 to be suc- 
cessfully grown even on low-k material (e.g., SiLK) 102. 



[0019] Turning to FIG. 2, a flow diagram of a method of forming 
a high nitrogen TaN protective layer 104 and substantially 
stoichiometric TaN diffusion barrier using plasma-en- 
hanced atomic layer deposition (PE-ALD) according to the 
invention is shown. It should be recognized that the in- 
vention will be described relative to one illustrative appli- 
cation of the methods to a sample. The invention, how- 
ever, is not to be limited to the particular illustrative ap- 
plication's operational parameters, e.g., temperature, 
pressure, etc., except as delineated by the attached 
claims. 

[0020] As illustrated, the method includes repeating a number of 
cycles as would be expected for a PE-ALD technique. In 
one illustrative embodiment, the method is carried out in 
a noncommercial ALD chamber capable of handling sam- 
ple sizes as large as 200 mm diameter. The chamber may 
include a reactive-gas grade turbo molecular pump with a 
working base pressure of 10~ 7 Torr. Sample heating may 
be conducted using a ceramic resistive heating plate, 
which provides growth temperatures up to 450°C. The 
method, in one embodiment, runs at approximately 
300°C. The temperature may be controlled by varying cur- 
rent to the heater, which may be calibrated against a ther- 



mocouple attached to the sample. 
[0021] | n a fj rst step 51, protective layer 104 (FIG. 1) is formed on 
low-k material substrate 102 (FIG. 1) by PE-ALD from a 
tantalum-based precursor and a nitrogen plasma. In par- 
ticular, in step S1A, the substrate is exposed to a tanta- 
lum-based precursor. In one embodiment, solid tantalum 
pentachloride (TaCy (in powder form) contained in a 
glass tube was used as the tantalum-based precursor. 
However, tantalum pentaiodide (Tal 5 ), tantalum pentaflu- 
oride 0~aF 5 ), or tantalum pentabromide (TaBr^, may also 
be substituted. The glass tube may be maintained at a 
temperature, e.g., 90°C, to develop adequate vapor pres- 
sure. In addition, delivery lines may be heated between 
90-110°C to prohibit condensation of the precursor. To 
improve the delivery of the tantalum-based precursor, a 
carrier gas including, e.g., argon (Ar), may be used, the 
flow of which may be controlled by a mass flow controller 
upstream from the source tube. In one embodiment, the 
substrate is exposed to > 1000 Langmuirs (L) of TaCI 5 
carried by Ar gas. A Langmuir equals exposure for Is at 
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10 Torr. Substrates upon which the method may be im- 
plemented include any low-k material such as: silicon 
dioxide (SiO ), hydro-fluoric (HF) dipped silicon (Si), and a 



low-k dielectric material such as SiLK on silicon dioxide 
(Si0 2 ). Other substrates are possible, however. 

[0022] | n step siB, the chamber may be evacuated, e.g., using an 
evacuation pump. In one embodiment, no purging gas is 
used between metal precursor and plasma exposure (step 
SIC or step S2C below). However, it should be recognized 
that a purging gas may be used, which should not change 
the result of the method. 

[0023] | n s t e p sic, the substrate is exposed to nitrogen plasma. 
In this step, a gate valve for nitrogen is opened for a radio 
frequency (RF) source. The RF plasma source may be any 
conventional plasma source including, for example, a 
quartz tube wrapped with copper (Cu) coil for producing 
the plasma. PE-ALD from the tantalum-based precursor in 
the nitrogen plasma (without hydrogen) results in forma- 
tion of TaN protective layer 104 (FIG. 1) having a higher 
nitrogen content than tantalum, the benefits of which will 
be described below. 

[0024] in step SID, the chamber may be evacuated again and one 
cycle of PE-ALD to form protective layer 104 (FIG. 1) is 
completed. As shown in FIG. 2, step SI may be repeated 
for a number of cycles, which determines the thickness of 
protective layer 104 (FIG. 1). 



[0025] Next, in step S2, subsequent substantially stoichiometric 
TaN diffusion barrier layer 108 (FIG. 1) is formed by PE- 
ALD from the tantalum-based precursor and a plasma of 
hydrogen and nitrogen. Steps S2A-S2D represent a re- 
peating of steps S1A-S1D with a change in the plasma to 
include hydrogen and nitrogen. In this step, a gate valve 
for hydrogen and nitrogen is opened for a radio frequency 
(RF) source. A balance between tantalum and nitride con- 
tent in TaN diffusion barrier layer 108 (FIG. 1) is con- 
trolled by controlling the flows of nitrogen (N) and/or hy- 
drogen (H) via one or more leak valves. As shown in FIG. 
2, step S2 may be repeated for a number of cycles, which 
determines the thickness of the substantially stoichiomet- 
ric TaN diffusion barrier layer 108 (FIG. 1). 

[0026] | n an y event, the number of cycles of protective layer 104 
(FIG. 1) formation is less than the number of cycles in 
which the substantially stoichiometric TaN layer 108 (FIG. 
1) is formed, i.e., the substantially stoichiometric TaN 
layer is thicker. In one embodiment, the number of cycles 
employed was 100 cycles for the protective layer and 800 
cycles for substantially stoichiometric TaN diffusion bar- 
rier layer. 

[0027] jo illustrate the physical properties of protective layer 104 



(FIG. 1), reference is made to FIG. 1 in conjunction with 
FIGS. 3-4. Referring to FIG. 3, an illustrative x-ray diffrac- 
tion (XRD) spectrum of protective layer 104 deposited us- 
ing a tantalum-base precursor in the form of TaCI 5 and a 
nitrogen plasma is shown. Even without atomic H, with 
only nitrogen plasma, protective layer was deposited. RBS 
analysis has shown that for an illustrative 1200 cycle de- 

17 2 

position, 1.360x10 cm of tantalum (Ta) atoms can be 
deposited with a nitrogen-to-tantalum (N/Ta) ratio of 1:3. 
While the XRD pattern has been noted to indicate a Ta^ 
phase, other high nitrogen content TaN^ phases such as 
Ta N and Ta N may also be present because all these 
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phases have similar XRD peaks. In particular, the diffrac- 
tion pattern is very close to the pattern known in the art 
to be obtained for Ta^ phase deposited by tantalum 
penta-chloride (TaCI 5 ) and ammonia (NH 3 ). However, the 
chloride (CI) content that was deposited using NH 3 is high 
at approximately 300°C by about 5 %. For a nitrogen 
plasma process, however, the CI content was below 0.5%, 
which indicates that the efficiency of chloride (CI) extrac- 
tion of the nitrogen plasma is at least comparable to that 
of hydrogen plasma. 
[0028] Turning to FIG. 4, copper (Cu) diffusion barrier properties 



were studied by thermal annealing, and obtaining sheet 
resistance and optical scattering results for an protective 
layer deposited to, for example, about 25 A thickness. In 
particular, copper (Cu) diffusion barrier failure was stud- 
ied using two different in situ techniques, conducted si- 
multaneously, while the sample was annealed in a forming 
gas at a temperature ramp rate of 3°C/s from 100 to 
1000°C. Temperature was monitored using a K-type ther- 
mocouple, which was calibrated using eutectic melting 
points of various metals in contact with silicon (Si) for an 
accuracy of ±3°C. First, for optical scattering, a chopped 
helium-neon (HeNe) laser beam was brought into the an- 
nealing chamber through a fiber optic cable and focused 
through a lens onto the sample surface at an incidence 
angle of 65° forming a spot size of 1 x 2 mm. The scat- 
tered intensities were measured using two bare fibers po- 
sitioned at 50°and -20°allowing for measurement of lat- 
eral length scales of approximately 5 mm and 0.5 mm, 
respectively. For detection of only the chopped HeNe light 
scattered from the sample surface, lock-in amplifiers were 
used with silicon (Si) photodiodes and interference filters, 
which removed background light at other wavelengths. 
This optical scattering technique detects changes in the 



scattered intensity from surface roughness and also 
changes in index of refraction that the barrier failure may 
cause (e.g., coexistence of multiple phase composition 
domains). 

[0029] The second in situ technique used was a four-point probe 
sheet resistance measurement as a function of tempera- 
ture. Four spring-loaded tantalum (Ta) probes arranged 
approximately in a square geometry maintained contact 
with the sample surface while 25 mA of current passes 
through two of the probes, and voltage is measured 
across the other two. This allowed for a relative sheet re- 
sistance measurement that is scaled using a room tem- 
perature, absolute measurement made with a fixed in-line 
four-point probe geometry. 

[0030] As shown in FIG. 4, protective layer 104 has a thermal 

stability of greater than approximately 820°C, which is a 
much higher temperature compared to a substantially 
stoichiometric TaN ALD layer, which fails around 620°C 
(not shown). This indicates that the protective layer alone 
is a good diffusion barrier, but the high resistivity of the 
layer might be a problem in device application. 

[0031] jo illustrate the advantages of the present invention when 
applied to low-k dielectrics such as SiLK, reference is 



made to FIGS. 5A-5B and 6A-6B, which show the results 
of number of test analysis on two different samples pre- 
pared on SiLK material. The samples were prepared by the 
deposition of ALD TaN on 150 nm polycrystalline silicon 

X 

to electrically isolate the silicon substrate during the sheet 
resistance analysis. The first sample (FIGS. 5A and 6A) was 
prepared using a conventional PE-ALD cubic TaN layer de- 
position using hydrogen and nitrogen mixture plasma. 
The second sample (FIGS. 5B and 6B) was generated ac- 
cording to the invention. In terms of the second sample, 
the method included protective layer formation 
(nitrogen-only plasma) for 100 cycles followed by a sub- 
stantially stoichiometric TaN layer formation (hydrogen 
and/or nitrogen) for 800 cycles. Analytical transmission 
electron microscopy (hereinafter "TEM") was completed for 
both samples (FIGS. 5A-5B) to see the sharpness of the 
interface and surface roughness. Composition and thick- 
ness were determined by Rutherford backscattering spec- 
trometry (hereinafter "RBS"). 
[0032] FIG. 5A shows TEM analysis of deposition of tantalum-ni- 
tride on low-k material (e.g., SiLK) according to the prior 
art approach, and FIG. 5B shows TEM analysis of deposi- 
tion of TaN on low-k material (e.g., SiLK) according to 



the present invention. As noted above, low-k materials 
such as SiLK are vulnerable when exposed to atomic H 
during plasma deposition. FIG. 5A illustrates the results of 
a hydrogen plasma to deposit substantially stoichiometric 
TaN layer 10 on SiLK layer 12. After deposition for 800 
cycles, macroscopic delamination is observed for the 
films, resulting from the reactivity of SiLK with the hydro- 
gen plasma. In particular, the interface is very rough be- 
tween TaN layer 10 and SiLK layer 12, and mixing is 
clearly visible. 

[0033] | n contrast, FIG. 5B illustrates a TEM image of a second 
sample that was prepared according to the invention. As 
seen in Figure 5B, there is substantially no reaction be- 
tween low-k material 102 (e.g., SiLK) and protective layer 
104, resulting in a very smooth and sharp interface. This 
result indicates that protective layer 104 successfully pre- 
vents the interaction of atomic hydrogen (H) with the SiLK 
layer 102 during the later formation of TaN diffusion bar- 
rier layer 108, and allows layer 108 to be successfully 
grown even on low-k material (e.g., SiLK) 102. 

[0034] FIGS. 6A-6B illustrate micro energy dispersed x-ray (EDX) 
data that has been obtained for the samples shown in 
FIGS. 5A-5B, respectively. In FIG. 6A, the conventional 



tantalum (Ta) profile shows severe intermixing and the in- 
terface is very diffuse. In contrast, FIG. 6B shows the tan- 
talum (Ta) profile generated by the present invention in 
which the profile shows very little, if any, intermixing and 
a very smooth interface. 

[0035] while this invention has been described in conjunction 
with the specific embodiments outlined above, it is evi- 
dent that many alternatives, modifications and variations 
will be apparent to those skilled in the art. Accordingly, 
the embodiments of the invention as set forth above are 
intended to be illustrative, not limiting. Various changes 
may be made without departing from the spirit and scope 
of the invention as defined in the following claims. 

[0036] what is claimed is: 



